Highly conducting thin films of ZnO are useful in many applications, including: ͑1͒ transparent electrodes for flatpanel displays and photovoltaic cells; ͑2͒ low-emissivity windows; ͑3͒ window defrosters; ͑4͒ light-emitting diodes; ͑5͒ laser diodes; and ͑6͒ prototype materials for transparent thin-film transistors. [1] [2] [3] [4] A key figure of merit for such films is the resistivity ; however, depends on two more fundamental parameters, namely, mobility , and carrier concentration n. Even more fundamentally, and n depend on donor N D and acceptor N A concentrations, and these quantities must be determined for a complete understanding of the material. 5, 6 To illustrate this point, if n =1ϫ 10 21 cm −3 and N A / N D = 0.5, both obtainable in ZnO, then = 2.2ϫ 10 −4 ⍀ cm, a competitive value; however, if N A can be reduced such that N A / N D Ϸ 0, then = 7.5ϫ 10 −5 ⍀ cm, a superb value. The determination of N D and N A in highly conductive semiconductor materials requires an analysis of mobility , which seldom appears in the literature. Here we introduce a simple, analytical method that can be applied to determine N D and N A from and n. This method includes the effects of boundary scattering, which is especially important for layers thinner than about 50 nm.
Ga-doped ZnO samples, spanning a thickness range of 3-283 nm, were grown by pulsed laser deposition using a 99.99%-pure ZnO target containing 3 wt % Ga 2 O 3 . 7 The substrate was Si, coated with a 1-m-thick layer of SiO 2 , for electrical isolation, and the substrate temperature during growth was held at 400°C. Thicknesses were measured by spectroscopic ellipsometry. After growth, the samples were subjected to rapid thermal annealing in forming gas ͑5% H 2 in Ar͒ at 400°C for 10 min. Temperature-dependent Halleffect measurements were performed over the range 15-320 K with a LakeShore 7507 apparatus. Ohmic contacts were achieved by soldering small dots of indium onto the corners of 5 mmϫ 5 mm samples. The measured carrier concentration n was independent of temperature at all thicknesses, and moreover was independent of thickness d up to about 110 nm; however, for thicker samples, the measured n decreased weakly with d. For the samples with d Յ 110 nm, n had an average value of 2.8ϫ 10 20 cm −3 . The mobility , on the other hand, increased from 1 to 35 cm 2 / V s as d increased from 3-110 nm, and then, surprisingly, decreased for d Ͼ 110 nm. Below we demonstrate excellent quantitative agreement with a model that explains this behaviour by invoking two different effects: boundary scattering at the lower thicknesses, and nonuniform H passivation from the forming gas ͑FG͒ at the higher thicknesses.
The mobility data at both 20 and 250 K are presented in Fig. 1 . ͑At 300 K, the values are only slightly lower than those at 250 K, but 300 K data were not available for all samples.͒ Although here we will explicitly fit only the 20 K data, clearly the fitting parameters for the 250 and 300 K data sets would be very similar. Because of the high concentration of ionized Ga donors in the sample, we expect that the scattering over the whole temperature range will be dominated by charged donors and acceptors, not phonons. Furthermore, n is independent of temperature so we employ the degenerate form of the Brooks-Herring formula: 
Here the dielectric constant 0 and effective mass m ‫ء‬ are based on relative values of 8.12 and 0.3, respectively; also, Z is the ionization charge in units of e, assumed to be unity for both donors and acceptors. Finally, the concentration of ionized centers N ii is given by N ii = N D + N A =2N A + n, and K = N A / N D , the compensation ratio. On the right-hand side of Eq. ͑1͒, we have written ii in a convenient form for calculation, where n 20 is a normalized value of n such that n = n 20 ϫ 10 20 cm −3 . It is illustrative to write Eq. ͑1͒ as:
ii ͑K,n͒ = max ͑n͒ .
͑4͒
Note that the denominator of Eq. ͑1͒ is slowly varying with n and moreover is approximately unity for n =1ϫ 10 20 cm −3 . For our average value of n, 2.8ϫ 10 20 cm −3 , max = 104 cm 2 / V s. This would be the mobility if K ϳ 0, and is much higher than the value 43 cm 2 / V s, which obtains at our experimental value of K, 0.41 ͑see below͒. This comparison shows the desirability of reducing the acceptor concentration N A , which raises both the concentration and mobility. Increasing N D , on the other hand, raises concentration but reduces mobility.
Clearly, ii given by Eq. ͑1͒ cannot by itself explain the data of Fig. 1 , because Eq. ͑1͒ is independent of d. To address this problem, we consider the potential effects of boundary scattering. The electrons in a layer of thickness d may lie at a distance anywhere between 0 and d / 2 from a boundary, either the surface or interface. Thus, the average distance from one of these boundaries is d / 4, and we could roughly define a boundary scattering time for degenerate electrons by bdry ͑n͒ = ͑d / 4͒ / v Fermi ͑n͒, where v Fermi ͑n͒ is the temperature-independent Fermi velocity. This formulation is of course completely phenomenological and ignores details of the scattering process, such as variations in d that produce the scattering itself, and directional averaging of the electron momentum. It also ignores quantum effects, which must become important for d approaching the electron de Broglie wavelength, about 3 nm at n = 2.8ϫ 10 20 cm −3 . In spite of these shortcomings, the effective distance parameter d / 4 turns out to be a reasonable average mean free path for our particular set of samples. Then, since the mobility associated with bdry is bdry = ͑e / m ‫ء‬ ͒ bdry , we get the empirical formula,
where, again for convenience, we have expressed d in nanometers. Note that Eq. ͑5͒ is independent of any material parameters, and thus is quite universal. Note also that it is only weakly dependent upon n and in fact varies less than a factor five over the range n =1ϫ 10 19 -1ϫ 10 21 cm −3 . For our conditions ͑average n 20 Ϸ 2.8͒, a 5-nm-thick sample would have a mobility limited to 9 cm 2 / V s from boundary scattering alone. To now get the total mobility, involving both scattering mechanisms, we can apply Matthiessen's rule, since our electrons are degenerate 5 ͑d,n,K͒ = ͓ ii ͑K,n͒ −1 + bdry ͑d,n͒
For the convenient determination of N D and N A , we define a dimensionless quantity Q = max ͑n expt ͓͒ expt −1 -n expt 1/3 / 2.645d expt ͔, and then K = ͑Q −1͒ / ͑Q +1͒, and finally N D = n expt / ͑1-K͒ and N A = n expt K / ͑1-K͒, where n expt is in units of 10 20 cm −3 and d in nanometers, as before. For the six samples with d Յ 110 nm in Fig. 1 , the average n 20 = 2.8, and an excellent fit to the data is found for K = 0.41. Then, from the above equations, N D = 4.7ϫ 10 20 cm −3 and N A = 1.9 ϫ 10 20 cm −3 . Thus, Eq. ͑6͒ provides a good description of versus d for d Յ 110 nm. For d Ͼ 110 nm, however, Eq. ͑6͒ is clearly not adequate. We hypothesize that the reason involves an incomplete annealing of layers thicker than about 100 nm. Forming gas contains H, and isolated H atoms are known to move rather easily in ZnO. [8] [9] [10] [11] [12] [13] [14] In fact, even the most stable member of this class, substitutional H O , is believed to completely diffuse out of the sample for temperatures higher than about 475°C.
12 H can also attain stability by forming complexes with certain impurities and defects, 13 such as the Zn vacancy V Zn , 8, 13 Cu, 8 and N. 14 For example, the neutral complex V Zn H 2 is stable to about 400°C. 8 Before the FG anneal, the dominant acceptors in our samples are likely V Zn and/or Ga Zn -V Zn , because V Zn has a low formation energy in n-type ZnO ͑Ref. 15͒ and also because there is no evidence of impurities other than Ga with concentrations Ͼ10 20 cm −3 . Indeed, V Zn has been directly identified as the dominant acceptor in certain types of ZnO. 16 We propose that the H present in the forming gas passivates V Zn and Ga Zn -V Zn acceptors, forming neutral complexes. However, this process takes time, and perhaps our annealing conditions ͑10 min at 400°C͒ lead to an H saturation in only the top 100 nm, or less. Besides passivating acceptors, H can also create relatively stable, shallow donors, in particular H O , 17 mentioned above. This process, too, can be depth dependent if the H diffusion does not extend throughout the whole layer.
To model depth-dependent diffusion we must add a second layer, of thickness d 2 , carrier concentration n 2 , and compensation ratio K 2 . In this case we do not know n 2 beforehand, because we cannot easily perform a separate Halleffect measurement on the second layer. Thus, we have two new fitting parameters, n 2 and K 2 , or equivalently N D2 and N A2 , since K 2 = N A2 / N D2 and n 2 = N D2 -N A2 . The mobility in this two-layer system then becomes 5, 18 2−layer ͑d 1 ,d 2 ,n 1 ,n 2 ,K 1 ,
Applying this formula to the data of For this fit, we have purposely set N D2 = N D1 , because the presence of H should not affect the Ga Zn donors, since both are positively charged. These parameters produce a good fit over the full thickness range and are consistent with the following conclusions: ͑1͒ in the top 100 nm or so, the H atoms from the forming gas passivate about half of the acceptors, thought to be V Zn and Ga Zn -V Zn centers; and ͑2͒ there is no strong evidence for new shallow donors, such as H O . However, it should be cautioned that, although the assumed acceptor ionic charge Z A = 1 is valid for Ga Zn 
where ZnO is the ZnO density ͑5.61 gm/ cm 3 ͒; M, the molecular weight; x, the fractional weight of Ga 2 O 3 ͑0.03 in this case͒; and N 0 , Avogadro's number ͑6.022 ϫ 10 23 molecules/ mole͒. Equation ͑8͒ yields ͓Ga͔ = 1.085 ϫ 10 21 cm −3 , so that N D1 = N D2 = 4.7ϫ 10 20 is about 43% of this value, a reasonable doping efficiency. There are several possibilities for the other 57% of the Ga atoms, including Ga Zn -V Zn acceptors, as mentioned above. In any case, the determination of N D and N A by the method presented here allows these issues to be studied quantitatively.
In summary, we have developed a simple analytical model to explain the thickness dependence of mobility in degenerate semiconductor thin films, and have applied it to ZnO layers grown by pulsed laser deposition to thicknesses of 3-280 nm. The theoretical fits give good values of the donor and acceptor concentrations and show that the efficiency of Ga donor doping from the Ga 2 O 3 target is about 43% under our growth and annealing conditions. However, in films thicker than about 100 nm, the average carrier concentration and mobility are somewhat reduced due to less effective H-related passivation of acceptors in the lower parts of the films.
